Four DNA sequences that reveal restriction fragment length polymorphisms (RFLPs) on the short arm of human chromosome 6 have been identified. Two of these sequences were isolated from recombinant DNA libraries enriched for DNA from human chromosome 6, one was isolated as a subclone from a human DNA segment having homology to an HLA class I sequence, and one was isolated by virtue of its homology to part of the insulin gene.
The study of human genetics, and in particular the effort to map the human genome, has long been limited by a lack of sufficiently informative markers. However, recent advances in DNA technology have provided a method for obtaining a large number of genetic markers based on DNA sequence variants frequent in the human population (1) . The polymorphisms are revealed as variations in the length of the fragments produced by cleavage with restriction enzymes. They can be detected by the method of Southern (2), using as probes cloned arbitrary single-copy sequences (3) or specific genes [e.g., hemoglobin (4, 5) and insulin (6) (7) (8) ]. Several hundred evenly spaced genetic markers should be sufficient to map the entire human genome (9, 10) . Even though most of them have no known genetic function, restriction fragment length polymorphisms (RFLPs) in arbitrary DNA sequences can provide a large proportion of the necessary markers.
The short arm of human chromosome 6 is of interest to geneticists because the major histocompatibility locus (HLA) is located there. Associations, apparently nonrandom, between specific alleles at the HLA locus and specific diseases have been observed (11) . The biological basis for these associations in many cases is not known; association may result from physical linkage of the disease locus to the HLA locus, or it may involve an epistatic interaction. To study the genetics of chromosome 6p as well as HLA-associated disease, we identified DNA-based genetic markers that map to this chromosome and determined their linkage relationships.
In the search for polymorphic DNA markers for chromosome 6, two enriched sources of probes were useful. The first was a recombinant bacteriophage library constructed by flow cytometry of metaphase chromosomes, in which the majority of the human DNA sequences map to human chromosomes 5 and 6 (12) . A second recombinant library was constructed by using DNA from a hamster-human cell hybrid that contains human chromosomes 12 and 13 and the short arm of chromosome 6 (13) .
Alleles at the HLA locus have for some time been defined by their antigenic properties. More recently, by using cloned HLA gene sequences as probes, RFLPs have been found that can define variations at the DNA level (14) (15) (16) (17) (18) . In our study of genetic linkage on 6p, we have used three such RFLPs at the HLA locus, as well as the protein marker glyoxylase I.
Five RFLPs, characterized here, were used in the linkage analysis; three of them were arbitrary sequences obtained from recombinant libraries enriched for chromosome 6 DNA, although only two of the three clearly mapped to 6p in the subsequent analyses. The fourth was a sequence with partial homology to the insulin gene (L. Villa-Komaroff, personal communication), which had been regionally localized to chromosome 6 (19) . The fifth was isolated from a cloned human segment that has DNA sequence homology to an HLA class I cDNA sequence (20) . We gathered linkage data on the nine polymorphic markers described above, in 25 three-generation Utah kindreds (21) . We then used 53 cell lines carrying deletions of chromosome 6p to regionally localize three of the five recently discovered RFLPs.
MATERIALS AND METHODS Sample Collection and Preparation of DNA. Twenty-five three-generation Utah kindreds were used in the linkage analysis; the pedigrees have been described elsewhere (21) . Blood samples were collected from members of these kindreds in acid/citrate/dextrose tubes. A portion of the blood was washed in saline and used for glyoxylase I analysis. High molecular weight DNA was isolated from the blood cell nuclei according to the technique described by Bell et al. (8) .
Recombinant DNA Cloned Sequences. A recombinant bacteriophage library, constructed in the vector X-gtWES X B, was obtained from B. Young (12) . The human DNA contained in this library was isolated from the chromosome 6 fraction of a FACS-II cell sorter (Becton Dickinson) by previously described methods (12) . A second recombinant bacteriophage library, containing DNA from a human-hamster cell line carrying human chromosomes 12, 13, and 6p, was constructed as described by Cavenee et al. (13) . A third recombinant bacteriophage library was obtained from T. Maniatis (22) .
Two cDNA sequences, homologous respectively to the HLA genes HLA-DRa (pDRH7) and HLA-Dqa (pDCH1), were obtained from C. Auffray (15) . A cDNA homologous to the gene HLA-B8 was obtained from S. Weissman (23 region of the insulin gene that codes for the prepeptide sequence was obtained from L. Villa-Komaroff.
Cell Lines. Fifty-three cell lines were isolated afterirradiation of the human lymphoblastoid line LCL 721, and HLA antigen-loss mutants were selected by using methods previously described (24, 25) . These lines were then HLA typed at the A, B, and DR loci, and at the GLOI (glyoxylase 1) locus. Many of the lines had deletions detected by karyotypic analysis (24, 26) and/or by Southern blotting analysis with probes for HLA loci (17, 18, (27) (28) (29) and complement loci (30) .
To map single-copy sequences to human chromosomes, we used a somatic cell panel containing human-hamster hybrids (13) . We obtained two additional hybrid cell lines, CF 34-2-10/5 and CF 34-10-12/3, from T. Mohandas. The major chromosomal complement of hybrid 34-2-10/5 consists of chromosomes 11, 13, and 6p. At the time of preparation, hybrid 34-10-12/3 had a major chromosomal complement of chromosomes 4, 5, 8, 9, 10, 12, 14, 18, and X, as well as a Robertsonian translocation between chromosome 15 and the long arm of chromosome 6 (31).
Genotypic Determinations. Electrophoresis, DNA transfers, hybridization, and autoradiography were performed as described by Maniatis et al. (32) . Glyoxylase I assays were performed according to a method described by Kompf et al. (33) .
Statistical Methods. Likelihood analysis (34) was used to estimate the allele frequencies for each marker and the recombination fractions between pairs of markers. Computation of the likelihoods employed the pedigree analysis packages PAP (35) and LINKAGE (36) . Maximization was performed with GEMINI (37) as incorporated into both PAP and LINKAGE.
The lod scores were calculated by taking the common logarithm of the ratio of the likelihood at the estimated recombination fraction to the likelihood of a recombination fraction of 0.5. The lod is a standard test statistic for linkage (38) . A lod score of 3.0, representing 1000-fold more likely linkage than nonlinkage, is considered sufficient for establishing linkage at a specific recombinational distance. A lod score lower than -2.0 is considered sufficient for excluding linkage at that recombinational distance.
Because the LINKAGE analysis package permits us to examine several loci jointly, it provides the opportunity to further clarify the gene order provided by our linkage data. Specifically, by comparing the relative likelihoods of the maximum likelihood solutions associated with the different gene orders, we can obtain a quantitative estimate of the support provided by linkage data for each possible gene order.
RESULTS
Isolation and Identification of Chromosome 6 RFLPs. From the library constructed with DNA from human-hamster cell lines containing chromosomes 12, 13, and 6p, 63 putative single-copy sequences were identified (13) . We mapped 2 of these fragments to chromosome 6 by hybridization to a small somatic cell mapping panel. Each of the 2 fragments was subcloned in the plasmid vector pBR322; the subclones were designated plD12 and p7H4 (D6S7). To identify RFLPs revealed by these two new probes, we hybridized them to Southern transfers of restriction digests of DNAs from nine unrelated individuals. The enzymes used were Bgl II, Bcl I, BamHI, Pvu II, Msp I, Taq I, and EcoRV. No polymorphism was detected by any of the enzymes with the probe plD12, but EcoRV and BamHI each revealed polymorphisms with p7H4. The EcoRV polymorphism, with four alleles, was used in our linkage study.
From the recombinant library that had been constructed with DNA from flow-sorted metaphase chromosomes (12), we isolated a total of 26 putative single-copy fragments from a total of 70 recombinant bacteriophage clones. These fragments were radiolabeled and hybridized to Southern transfers containing DNAs digested with the enzymes Msp I or Taq I. Five polymorphisms were observed. These fragments were subcloned, radiolabeled, and hybridized to DNA from cell lines CF34-2-10/5 and CF34-10-12/3. Two of the fragments, p3C7 (D6S9) and p2C5 (D6S8), showed homology to DNA from the cell line CF 34-2-10/5 and were thus candidates for localization to chromosome 6p. Hybridization of the plasmids to a small somatic cell panel further localized p2C5 to chromosome 6p, and p3C7 to either chromosome 6p or chromosome 11. Both of these markers were used in the linkage analysis. However, subsequent to the Southern blotting analyses it became apparent that the entire short arm of one chromosome 6 had been deleted in cell mutant 721.45.1. The p3C7 sequence was not deleted in this mutant, suggesting that p3C7 may be derived instead from chromosome 11.
In addition to candidate probes from the libraries enriched for sequences from chromosome 6, several other probes proved useful. A third recombinant DNA library (22) was screened with an HLA cDNA sequence from the HLA class I locus HLA-B8 (23); three putative single-copy sequences were isolated from these bacteriophages. One, designated pCH6 (D6S10), revealed a RFLP useful for the linkage study. We also used an insulin-homologous sequence, pAGB6, which had been isolated elsewhere and regionally localized to chromosome 6 between bands q12 and p24 (19) ; it reveals a polymorphism with the restriction enzyme Msp I. Mendelian inheritance of the five polymorphisms described above, including p3C7, is shown in Fig. 1 .
Three cDNAs from HLA loci that reveal RFLPs were also used in the linkage analysis. HLA-DQa cDNA (pDCH1) reveals a polymorphism when DNA is digested with the restriction endonuclease HindIII (15) . HLA-DRa cDNA (pDRH7) reveals two polymorphisms, one when hybridized to DNA digested with the restriction enzyme EcoRV and the other when hybridized to DNA digested with Bgl II (16); haplotypes were determined for this probe. HLA-B cDNA (pDP01) reveals a polymorphism when hybridized to DNA digested with EcoRV. This plasmid reveals either the presence or absence of an 8.6-kb band; the presence of the 8.6-kb band is correlated with the HLA-B antigen B8 (14) .
Genotypic determinations were made by using nine markers, the eight RFLPs described plus the protein marker glyoxylase I (GLO1 gene). Fig. 2 presents the maximum likelihood estimates of the percent recombination between pairs of markers, with lod scores. lod scores sufficient for establishing linkage (i.e., greater than 3) were obtained between all pairs of markers except those pairs involving the markers p7H4 and p3C7. Additional lod scores have been calculated at various recombinational distances. These numbers will be reported at the next human gene mapping meeting and are presently available from R.W.
Regional Localizations. Fifty-three lymphoblastoid lines derived by y-ray irradiation of cell line LCL 721 were used to regionally localize the DNA polymorphisms. These deletion lines were typed for glyoxylase I as well as for HLA-A, -B, and -DR. (The parent line is heterozygous for the RFLPs revealed by the plasmids p3C7, p7H4, and pAGB6). We hybridized these plasmids to Southern transfers of DNA from the deletion lines and the results are presented in Fig. 3 . It should be noted that the HLA and glyoxylase I assays measure a loss of phenotypic expression, while the DNA RFLPs used detect an absence of specific DNA sequences. Fig. 3 also contains data on nine cell lines that have lost markers from more than one chromosome. In these cases, the phenotype and full genotype with all markers are given. Eight Fig. 1 and the text. cation) to be located within only a few kilobases ofthe HLA-B locus; for the calculations below, it has been included within the HLA haplotype. The solution ofthe map order, therefore, reduces to orienting the loci defined by the clones pAGB6 and p2C5 with respect to GLOJ and HLA.
The support for each of the 12 possible orders of these four loci has been calculated by using the program ILINK from the package LINKAGE (36) . The two most favored orders are pAGB6-GLOJ-HLA-p2C5 (order 1) and GLOI-HLAp2C5-pAGB6 (order 2). Each of the other 10 possible orders is excluded by negative odds of more than 100:1 when sex differences are taken into account.
The two favored orders, however, cannot be distinguished by the linkage analysis, which provides only slight support (2:1 odds) favoring order 2 over order l when possible sex differences are ignored, and slight support for order 1 over order 2 (1.4:1 odds) when sex differences are permitted.
Fortunately, the deletion analysis eliminates the order GLOJ-HLA-p2C5-pAGB6, as this order would place pAGB6 distal to GLOJ and HLA. We are, therefore, left with the order pAGB6-GLOJ-HLA-p2C5-p7H4 as the order most strongly supported by both linkage and deletion analysis. Fig. 4A indicates the maximum likelihood recombination values for this gene order, considering all five loci jointly but not taking into account possible sex differences in recombination rates.
Sex Differences. Differences in recombination rates between male and female meioses have been reported (43) , leading to the supposition that there may be a generally higher rate of recombination in females. More recently, however, examination of sex-specific differences in recombination on the short arm of human chromosome 11 has indicated that the situation is somewhat more complex: significant differences were found between male and female recombination rates in some regions of lip, but with an excess in male recombination (44) . Recent work with chromosome 13 these results suggest a need for two linkage maps to describe the frequencies ofrecombination in male and female meioses, we used the LINKAGE routines to estimate recombination rates, jointly for the four linked loci, separately in males and females (Fig. 4B) . Because independent iteration of each interval failed to give a significant improvement in the likelihood, the values reported in Fig. 4B Fig. 1 legend) the short arm of chromosome 6; a fifth was characterized but did not map to 6p when cell deletion analysis was combined with the linkage data. The major histocompatibility locus in man is also located on chromosome 6p and has been used as a genetic marker to study numerous human diseases. Linkage disequilibrium, a nonrandom association among alleles at different loci, has been observed between many HLA alleles and specific diseases (11) . The biological basis of these associations in most cases is not known; they may be the result of physical linkage of the disease locus to HLA or they may involve an epistatic interaction. The RFLPs described here will be useful in studying diseases associated with HLA.
Linkage disequilibrium has also been demonstrated among the different HLA loci, by analysis of the frequencies ofHLA haplotypes (determined by classical serological typing methods) in many populations (39) . Until recently, analysis of the HLA region at the DNA level was not possible. In this study, however, we have used RFLPs for determination of inheritance at the HLA locus and have observed linkage disequilibrium between the HLA RFLPs (20) , confirming the disequilibrium phenomenon at the DNA level.
Eight markers were finally used in the construction of our genetic map of the short arm of chromosome 6. These markers could be localized with respect to one another with good confidence through a combination of deletion mapping and linkage analysis; four of them are included in the HLA haplotype. The combined and sex-specific maps have good precision and will provide reference points for mapping additional loci in this region.
